Results

Experimental Approach
To study intrinsic pausing by RNAPII, we needed to examine synchronous RNA chain elongation by RNAPII TCs unperturbed by the excess of elongation factors and DNA-binding proteins that are present in nuclear extracts. To accomplish this, we first formed elongation complexes halted after addition of U14 to the HIV-1 transcript by incubating an immobilized, 774 bp DNA fragment encoding the HIV-1 promoter and early transcribed region fused to the human c-myc exon 1 in a HeLa nuclear extract with dATP, CTP, GTP, and ␣-32 P-UTP (see Figure 1A , Experimental Procedures, and Kato et al., 1992) . These halted U14 TCs were recovered from the extract and washed with buffer containing 0.15% sarkosyl to remove residual preinitiation complexes, transcription factors, and nonspecific DNA-binding proteins (Izban and Luse, 1991) . Addition of all 4 NTPs to the sarkosyl-washed complexes restarted chain elongation efficiently, allowing synchronous transcription of the HIV-1 pause site ( Figure 1B) . To obtain homogenous complexes halted before, at, or after the HIV-1 pause, we elongated the RNA chains in the immobilized TCs by repeated incubation with different sets of 3 NTPs, followed by washing to remove each NTP set (stepwise transcription; see Figure 4 , Experimental Procedures, and Kashlev et al., 1993) . Parada et al., 1995) . Quantitation of the (see Landick et al., 1996b) .
RNAPII Recognizes a Strong Intrinsic Pause Signal
‫26ف‬ nt RNA revealed that the paused complex resumed (D) RNA sequencing ladder compared to pause and arrest RNAs.
transcription with a pseudo-first-order half-life of 22 s
The RNA sequencing ladder was generated by elongating U14 TCs and that at most 70% of transcribing RNAPII molecules in the presence of all 4 NTPs and a 3Ј-dNTP as a chain terminator (see Experimental Procedures). Samples obtained at 40 s and 60 s entered the paused state ( Figure 1C ; see Experimental during a time course of elongation without 3ЈdNTPs were electroProcedures and Landick et al., 1996b tion by a factor of Ͼ100.
To determine the precise 3Ј ends of the pause and arrest RNAs, we compared them to an RNA sequence ladder generated with chain-terminating 3ЈdNTPs (Fig- HIV-1 pause exhibits two striking similarities to the wellcharacterized his and trp pause signals: (1) pausing ocure 1D). The pause RNA terminated with U62 and the arrest RNAs with U65 and U66. These RNAs end 3, 6, curs immediately after an RNA structure that can pair to within a few nt of the pause site in free RNA, and and 7 nt after the last paired nucleotide in the stem of the TAR RNA structure, only a portion of which could (2) pausing occurs where the active site must catalyze reaction of a 3Ј-terminal uridine with GTP. actually form in the paused TC ( Figure 1E) . Thus, the the upper portion of the TAR structure with the RNA hairpin that is bound by the MS2 coat protein ( Figure  2B ; see Valegard et al., 1994 , and references therein). Since overall stability but not sequence is important in a prokaryotic pause hairpin (Chan and Landick, 1993) , we were surprised to find that the MS2 substitution reduced the HIV-1 pause half-life by a factor of 3, even though it should be more stable than TAR in the portion of nascent RNA available for base-pairing at the HIV-1 pause site ( Figure 2B ). The 3Ј-proximal substitution essentially eliminated the pause, whereas the downstream change had little effect. Thus, the HIV-1 pause signal is multipartite since both RNA hairpin and 3Ј-proximal sequences influenced pausing. Dissection of the role of 3Ј-proximal sequences and more rigorous testing for effects of downstream DNA must await future studies; we chose to focus our effort on the interesting effect on pausing of base substitutions in TAR.
RNA Secondary Structure Influences the HIV-1 Pause
We next tested the effect on pausing of several previously characterized deletions and substitutions in TAR (⌬bulge, CA-loop, UA-loop, and tetraloop, Figure 2B ; Wu et al., 1991; Churcher et al., 1993) . All four substitutions decreased the pause half-life in sarkosyl-washed TC assays, and the most significant effects were caused by the substitutions that should increase the stability of the TAR RNA structure ( Figure 2B ). In particular, the (Tuerk et al., 1988) ; on TAR, it reduced the (A) Effects on pausing of base substitutions in the TAR hairpin, 3Ј-pause half-life by a factor of 3 ( Figure 2B ). Since the proximal and downstream DNA mutants (using sarkosyl-washed tetraloop substitutions are Ͼ25 nt from the pause RNA U14 complexes as in Figure 1B) , and of transcription with purified 3Ј end, whereas the RNAPII footprints on template DNA calf-thymus RNAPIIa (see Experimental Procedures). TAR hairpin and nascent RNA extend at most ‫02ف‬ bp or nt upstream mutant, MS2 is shown in Figure 2B . 3Ј-proximal mutant, replacement in halted complexes (Linn and Luse, 1991; Rice et al., of GGGAACCCACT62 before pause with GTCTTAGGGAT62. Downstream mutant, replacement of G 63CTTAAGCCTCAATAAAGCTT 1991; Gu et al., 1993 Gu et al., , 1996 , it is likely that these substituafter pause with G63CCGAGACTAGGGAACCTGCA. Cross symbol tions affected pausing through their influence on RNA indicates new pause created in the downstream DNA mutant. secondary structure. However, the strong effects on (B) Pause half-lives with HeLa nuclear extract-generated TCs (black) pausing of substitutions that should stabilize rather than or purified calf-thymus RNAPII (shaded). Each value is an average destabilize the TAR structure seemed puzzling, unless of at least three experiments. Base substititions are shown in bold. they were mediated by an auxiliary factor that was pres-
The predicted free energies of formation for the portions of the RNA structures that should be able to form in the paused TC (base pairs ent in the HeLa nuclear extract and survived the 0.15% C18·G44 and above) are: wild-type, Ϫ7.5 kcal/mol; MS2, Ϫ9.3 kcal/ sarkosyl wash. To test this idea, we performed transcripmol; ⌬bulge, Ϫ13.5 kcal/mol; CA loop, Ϫ7.5 kcal/mol; UA loop, Ϫ7.4 tion assays using highly purified calf-thymus RNAPII.
kcal/mol; tetraloop, Ϫ10.8 kcal/mol (Zuker and Stiegler, 1981) . The predicted ⌬G for the tetraloop was decreased by 2 kcal/mol based on measurements of its unusual thermal stability (Tuerk et al., 1988);  Recognition of the HIV-1 Pause Site the UA loop also is reported to be more stable than the predicted by RNAPII Required No Additional value (Churcher et al., 1993) , but its ⌬G was not adjusted because no measurement is available.
Transcription Factors
Since purified RNAPII cannot initiate transcription at a promoter sequence, we synthesized an HIV-I template with a defined 3Ј extension (a "tailed" template) that The HIV-1 Pause Signal Is Multipartite In addition to bases in the active site, the his and trp serves as an efficient initation site for RNAPII (Kadesch and Chamberlin, 1982; Lang et al., 1994) . Highly purified pause signals depend on an RNA secondary structure, the 3Ј-proximal RNA or DNA, and the downstream DNA calf-thymus RNAPII initiated in the absence of ATP halted at position U34 on this DNA template (equivalent duplex (Chan and Landick, 1993; . To ask expeditiously if the HIV-1 pause signal is similarly to position U14 of the HIV-1 transcript; see Experimental Procedures). After addition of 1 mM each NTP, these multipartite, we checked the effect on pausing of substitutions that should dramatically alter the TAR RNA struccomplexes recognized the HIV-1 pause similarly to extract-initiated human RNAPII (pause half-life ≈20 s; Figture, the 3Ј-proximal sequence, or the downstream DNA sequence ( Figure 2A ). We first tested a replacement of ures 2A and 2B). Further, a template that specified the UUCG tetraloop pause signal reduced the pause halflife by a factor of 2 ( Figure 2B ), consistent with the behavior of human RNAPII initiated in a HeLa nuclear extract. Transcripts synthesized on these tailed templates were sensitive to RNase T1 digestion, but not to RNase H digestion, establishing that they were displaced from the template strand (data not shown; formation of persistent hybrids is a frequent complication of transcription by purified RNAPII on tailed templates; Kadesch and Chamberlin, 1982) . The calf-thymus RNAPII preparation used in these experiments was not phosphorylated on its C-terminal repeat (RNAPIIa). However, purified human RNAPIIo (the hyperphosphorylated form of RNAPII) gave similar re- 
Hairpin that Competes with Formation of the TAR RNA Hairpin
Since the experiments with pure RNAPII appeared to These results are most easily explained if the alternative rule out involvement of an auxiliary factor in pausing, RNA structure, which we term the HIV-1 pause hairpin, and since we could not explain the effects on pausing stimulates pausing by preventing formation of TAR, of substitutions in TAR by destabilization of the TAR which itself stimulates escape from the pause site. This RNA structure, we next asked whether an RNA structure would explain why substitutions that disrupt both strucother than TAR might be formed in the HIV-1 paused tures had little effect, whereas selective disruption of TC. We used an RNA structure prediction algorithm to the pause hairpin or stabilization of TAR reduced pausexamine the possible folding patterns in the first 44 nt ing and stabilization of the pause hairpin restored pausof the pause RNA (Zuker and Stiegler, 1981) , assuming ing (Figures 2 and 3) . that ‫81ف‬ nt of RNA upstream from the paused RNA 3Ј end should be unavailable for structure formation (Rice et al., 1991; Gu et al., 1996) . Interestingly, ϩ1 to ϩ44 of
Mapping RNA Structures in Active TCs
To test whether the HIV-1 pause hairpin actually forms in the pause RNA was predicted to fold as an alternative RNA structure that was both more stable than and mututhe paused TC, we probed the RNA secondary structure present in halted TCs by partial digestion with RNase ally exclusive of the corresponding portion of TAR (Figure 3) . T1, which cuts 3Ј to unpaired Gs. To prepare these TCs and to simplify interpretation of the RNase T1 digestion To test whether this alternative RNA structure could be part of the HIV-1 pause signal, we constructed two patterns, we needed to form the complexes by stepwise transcription and to incorporate 32 P-labeled nucleotide sets of substitutions that would replace base pairs in either TAR or the alternative structure. The first set of only at or near the 3Ј end. Thus, we restarted transcription in nonradioactive, sarkosyl-washed U14 complexes substitutions (nt 26-29 [a] or 36-39 [b] ; Figure 3 ) separately would disrupt both TAR and the alternative RNA by addition of only ATP, GTP, and CTP, so that RNAPII next halted before addition of U23. After washing with structure, but restore base pairing only in TAR when they were combined. Separately, substitution of nt 26-29 or transcription buffer to remove NTPs, RNAPII could be moved stepwise to the pause site by repeating these 36-39 had little effect on the pause half-life (18 s and 19 s, as compared to 22 s for wt). However, when they steps with different sets of 3 NTPs (Figure 4) . A control experiment with 32 P-NMP incorporated during U14 comwere combined, the pause half-life decreased by a factor of ‫3ف‬ (to 7 s). This result is inconsistent with stimulaplex formation, rather than during the last step, illustrates this procedure (Figure 4 ). tion of pausing by the TAR RNA structure.
The second set of substitutions (nt 5-15 [c] or 25-36 To help interpret the RNase T1 digestion patterns, we analyzed purified RNAs that were predicted to form [d] ; Figure 3 ) would disrupt either the alternative RNA structure alone (5-15) or both it and TAR (25-36), but either the pause RNA hairpin or the TAR RNA structure (1-42 and 1-59, respectively; Figure 5 ), in addition to restore only the alternative RNA structure when the two groups of substitutions were combined. Separately, TCs halted before, at, and after the pause. We synthesized and purified the 42mer and 59mer RNAs by stepthese substitutions reduced the pause half-life significantly (to 12 s for 5-15) or modestly (to 17 s for 25-36), wise elongation of transcripts in unlabeled U14 complexes, incorporation of 32 P-CMP in the last step to but increased the pause half-life to 24 s when combined. Positions of RNA 3Ј end in TCs halted sequentially by NTP deprivation are indicated in large italics within the pause hairpin RNA structure, with lines connecting them to the corresponding RNA bands separated in a denaturing 15% polyacrylamide gel. Asterisks indicate positions of 32 P label. The 5Ј-labeled TCs used in this experiment generated significantly more of the undesired weak bands at the positions other than the indicated ladder than the 3Ј-labeled complexes used for the RNA structure mapping experiment (Figure 5) . Figure 5 . The HIV-1 Nascent RNA Rearranges from the Pause Hairpin to TAR at or after the Pause Site generate a 3Ј label, and recovery from denaturing polyPurified 42mer and 59mer RNA, and TCs halted at C59, U62, and acrylamide gels (see Experimental Procedures). The C64 were partially digested with RNase T1 (20 U/ml) in transcription C59, U62(paused), and C64 TCs were synthesized and buffer alone (lanes 4, 5, 9, 10, 12-14, 16-18, and 20-22) or with 4 labeled similarly, but not disrupted prior to partial RNase M urea (lanes 2, 3, 7, and 8). Reactions were carried out for 10 s T1 digestion. After digestion, the 32 P-labeled, 3Ј-proxi- (lanes 2, 4, 7, 9, 12, 16 and 20), 20 s (lanes 3, 5, 8, 10, 13, 17, and mal fragments remained associated with RNAPII in ac-21), or 30 s (lanes 14, 18, and 22). Samples in lanes 1, 6, 11, 15, and tive TCs since they could be extended further upon 19 were not digested with RNase T1. The 5Ј end of the digested RNA is indicated. Cross symbol indicates an RNA band that could addition of NTPs (data not shown). Thus, the partial not be assigned. RNA hairpin structures in purified model RNAs digestion patterns of the nascent transcripts in these (U42 and C59) and in TCs (U62(P) and C64) with the RNase T1-halted TCs should reflect the actual structure that the sensitive (arrows) and hypersensitive (bold arrows) sites are shown nascent RNA assumes when RNAPII is located at a given below the gel panels. Asterisks indicate positions of 32 P label. template position; comparison of these patterns to those obtained from the model RNAs was used to identify these structures ( Figure 5) . and 16-18), whereas the nascent RNA in the C64 complex appeared almost completely rearranged into the RNase T1 cut the model pause hairpin RNA strongly after G16, G21, and G36, and to a lesser extent after TAR structure, with strong cleavage in the loop regions Gs (G32, G33, and G34) and near complete protection G26, G28, G32, G33, and G34 ( Figure 5, lanes 4 and 5) . In contrast, RNase T1 cut the model TAR to significant elsewhere ( Figure 5 , lanes 20-22; note that the band near G21 is a partially extended RNA present in the extent only in the loop regions bases G32, G33, and G34 ( Figure 5 , lanes 9 and 10; see also Berkhout et al., 1989) .
undigested sample in lane 19). A comparison of cutting after G36 and G44, versus cutting after G32-34, is espeThus, the first 42 nt of the HIV-1 transcript fold in a structure that is dramatically different from TAR and cially revealing. Although G36 and G44 are further from the region that would be protected by RNAPII in the C64 that is consistent with the predicted pause hairpin structure. Interestingly, the nascent RNAs in both C59 and complex, they are cut much less or not at all relative to in C59 and U62(paused) complexes. However, the ratio U62(paused) complexes gave RNase T1 digestion patterns similar to the model pause RNA pattern (strong of G32-34 to G34 cutting is greater in the U62(paused) complex than in the purified 42mer RNA (compare lanes cutting after G16, G21, and G36; Figure 5 , lanes 12-14 Figure 6 . Effect of TFIIS and Pyrophosphate on the HIV-1 Paused TC U62(paused) and C64 TCs with 5Ј-proximal 32 P label were prepared by stepwise transcription (see Experimental Procedures and Figure  4 ) and then incubated with either 2.5 nM TFIIS (U62 TCs, lanes 1-7; C64 TCs, lanes 15-21) or with 50 M pyrophosphate (U62 TCs, lanes 8-14; C64 complexes, lanes 22-28) for indicated times. RNA samples were prepared and electrophoresed on a denaturing 7.5% polyacrylamide gel as described in the Experimental Procedures. Bands were assigned by comparison to markers from TCs halted at 1 nt intervals from C59 to C64 (not shown).
4 and 17, Figure 5 ), suggesting that TAR may form as a minor constituent of interconverting RNA structures in the paused complex. We conclude that the nascent RNA in U62 TCs folds predominantly as the HIV-1 pause maintain proper alignment of the RNA 3Ј end in the active site, either because the RNAP backtracks so that the 3Ј-proximal RNA blocks the active site (reverse translopause signal is an RNA secondary structure, the HIV-1 cation) or because the RNA is pulled upstream out of the pause hairpin, that allows reverse translocation and preactive site (hypertranslocation; see . In vents formation of the TAR RNA structure. Third, rethe other well-characterized case of hairpin-dependent arrangement of the nascent RNA into TAR promotes pausing (the his leader pause), formation of the pause escape from the pause and occurs when RNAPII is at hairpin appears to hypertranslocate the nascent RNA or has just escaped from the HIV-1 pause site. based on resistance of the paused TC to transcript hydrolysis and to pyrophosphorolysis (Feng et al., 1994; . To distinguish these possibilities for Determinants of Pausing in the HIV-1 the HIV-1 paused TC, we tested its sensitivity to TFIISLeader Region stimulated transcript cleavage and to pyrophosphoSeveral types of prokaryotic pause sites have been studrolysis. We found that the HIV-1 pause RNA is sensitive ied in sufficient detail to establish that the signals are to concentrations of TFIIS (2.5 nM) and pyrophosphate generally multipartite and that some but not all include (50 M) that have lesser or no effect on other halted an RNA secondary structure . TCs, most notably the C64 complex in which the TAR Two types of RNAPII pause sites have been examined RNA structure is formed (Figure 6 ). Further, both treatto date: (1) promoter-proximal pause sites such as found ments shorten the pause RNA by 2 nt. We conclude that in the Drosophila hsp and mammalian c-myc genes RNA chain elongation most likely is inhibited in the HIV-1 (Rougvie and Lis, 1990; O'Brien and Lis, 1991; Krumm paused complex because RNAPII is backtracked and et al., 1995) , which like the late operon pause site the RNA 3Ј end is reverse translocated downstream by (Ring et al., 1996) may be factor-dependent and reflect 2 nt, thus blocking the active site (Figure 7) . incomplete loss of promoter contacts; and (2) the U-rich sites such as adenovirus Tϩ site and the histone H3.3 site, which trigger both intrinsic pausing and transcripDiscussion tional arrest by causing RNAPII to reverse-translocate the RNA and DNA chains, presumably because the Our results lead to three principal conclusions. First, strong transcriptional pausing at ϩ62 of the HIV-1 tran-U-rich RNA:DNA hybrid present in the elongation-competent conformation is less stable than the hybrid generscript is stimulated by a multipartite signal that favors backtracking of RNAPII and reverse translocation of the ated upon backtracking of RNAPII to an elongationincompetent conformation (Gu et al., 1993 ; Reeder and nascent RNA by 2 nt. Second, one component of the Hawley, 1996; Komissarova and Kashlev, 1997; Nudler oligonucleotides or upstream RNA sequences to nascent RNA near the TC that is described by Reeder and et al., 1997) . Arrest, but not pausing, at the U-rich sites is relieved by the TFIIS-dependent transcript cleavage, Hawley (1996) and Komissorova and Kashlev (1997) . The HIV-1 pause hairpin could play both indirect and which reactivates the arrested TC to allow multiple attempts to overcome the thermodynamic barrier to chain direct roles in pausing. By preventing TAR formation, the pause hairpin may indirectly promote pausing by elongation (reviewed in Reines et al., 1996) .
The HIV-1 pause signal represents a third class of allowing RNAPII to reverse translocate and remove the RNA 3Ј end from the active site. It also is possible that RNAPII pause signal that depends on neither extrinsic factors nor U-rich sequences, but rather in part on an interaction of the pause hairpin with RNAPII in a manner similar to the putative interaction of the his pause hairpin RNA secondary structure. In this way, it is analogous to the prokaryotic pause signals found in the leader regions with E. coli RNAP could stabilize it relative to TAR or directly slow RNA chain elonof amino acid biosynthetic operons regulated by attenuation. Like these prokaryotic signals, the HIV-1 pause gation.
Our results also suggest that HIV-1 pause site controls also is multipartite, since base changes in both the pause hairpin and the 3Ј-proximal sequence between the timing of TAR formation. Thus, the most important implication of our results is that TAR is unlikely to form the hairpin and RNA 3Ј end can reduce pausing (Figure 2) .
in the HIV-1 nascent transcript until RNAPII reaches or escapes from the ϩ62 pause site. Since Tat binding to However, unlike these prokaryotic pause signals, which appear to pull the RNA 3Ј end upstream out of TAR is a central, and presumably early, step in the process of transactivation, strong transcriptional pausing the active site and render it resistant to both transcript cleavage and pyrophosphorolysis, the HIV-1 pause sigin the HIV-1 leader where TAR can first form could play a role in transactivation. If Tat acts by stimulating phosnal appears to cause reverse translocation by 2 nt, based on sensitivity to TFIIS-stimulated transcript cleavphorylation of RNAPII (reviewed in Jones, 1997), then rearrangement of the nascent transcript into TAR, either age and pyrophosphorolysis ( Figure 6 ). The primary cause of this reverse translocation likely is the relative upon Tat binding at the pause or spontaneously after RNAPII escapes the pause, presumably precedes the instability of the RNA:DNA hybrid when the 3Ј end of the paused transcript is properly positioned in the active critical phosphorylation events. Further, if TAR forms for only a small fraction of the time that RNAPII resides site (see Guajardo and Sousa, 1997; Komissarova and Kashlev, 1997; Landick, 1997; Nudler et al., 1997) . Asat the pause (i.e., the pause hairpin and TAR are in an equilibrium that favors the pause hairpin; Figure 7 ), then suming that the RNA:DNA hybrid for RNAPII is ‫8ف‬ bp, as it appears to be for E. coli RNAP and RNAPI (see Lee the interaction of Tat with TAR would stabilize TAR relative to the pause hairpin and favor release from the and Jeong et al., 1996; Nudler et al., 1997) , a 2 bp reverse translocation would add two unpause. usually stable rG·dC bp to the hybrid with loss of rC·dG and rU·dA bp, making it ‫2.1ف‬ kcal/mol more stable than Does the HIV-1 Pause Play a Role a 3Ј-terminal hybrid (Sugimoto et al., 1995) . In contrast, in Transcriptional Regulation? a shift of the hybrid 2 bp upstream in the 3Ј-proximal Although the HIV-1 pause may help recruit Tat before substitution that virtually eliminates pausing (Figure 2A) premature termination of RNAPII, there is currently no would confer no additional predicted stability. Thus, our compelling evidence that it plays an essential role in results are consistent with the idea that the relative viral replication. In fact, the pause is only likely to be strength of nascent RNA:template DNA hybrids controls important for transactivation when Tat is present in limthe lateral stability of the TC; systematic variation of the iting amounts. Transactivation as assayed by cotrans-3Ј-proximal sequence at the HIV-1 pause should test fection of reporter and Tat-expression plasmids into culthis idea rigorously. tured cells, conditions that overproduce Tat to high levels, occurs independently of pausing. Under these conditions, Tat can activate HIV-1 transcription when Formation of the TAR RNA Structure Releases RNAPII from the HIV-1 Pause tethered to a binding site upstream from the promoter, even when TAR and the pause signal are not present Reverse translocation of the HIV-1 pause RNA also offers an attractive explanation for the decrease in pause (Kamine et al., 1991; Southgate and Green, 1991) . Further, transactivation occurs in cotransfection experihalf-life that was observed when the TAR RNA structure was stabilized by base substitution. Since the stem of ments when the 3Ј-proximal region critical for pausing is replaced with several different sequences (Berkhout the TAR hairpin can extend closer to the RNA 3Ј end than the pause hairpin stem, TAR formation may pull et al., 1989) and when TAR is replaced with different RNA structures that can recruit Tat fusion proteins targeted to the RNA back into reactive alignment by driving forward translocation of RNAPII, thus favoring escape from the the new structure (Selby and Peterlin, 1990; Southgate et al., 1990) . pause ( Figure 7 ). In the view that multiple laterally translocated states of RNAP exist in equilibrium (positional Other arguments for or against a role of pausing are contradictory and currently unresolved. Jeang and equilibrium; Guajardo and Sousa, 1997; Landick, 1997; Komissarova and Kashlev, 1997) , this would trap the argue against a role of pausing in Tat recruitment because placement of a self-cleaving hamconformation with a 3Ј OH properly positioned for NTP addition. This antipausing effect of TAR is similar to merhead RNA structure just downstream from the ϩ60 region, but not 500 bp later, abolishes transactivation. the inhibition of arrest caused by pairing of antisense Oslo, Norway) or on streptavidin-agarose (Sigma, St. Louis, MO) Because removing TAR from the TC soon after it forms through a streptavidin-biotin linkage according to the manufacturblocks transactivation, they conclude that Tat must ordiers' recommendations.
narily bind TAR after RNAPII moves past the ϩ60 to ϩ100 region. However, this interpretation contradicts Proteins and Substrates the earlier findings of Berkhout et al. (1989) , who conHeLa cells were obtained from the Cell Culture Center (Connrapids, cluded that Tat must bind TAR before nascent RNA MN). RNAPIIa was purified from frozen calf thymus (ANTEC, Tyler, TX) using immobilized 8WG16 antibody as described by Thompson around ϩ60 region emerges from RNAPII because inserand Burgess (1996) . RNAPIIo was purified from HeLa nuclei as detion at ϩ60 of a sequence known to destroy the TAR scribed by Lu et al. (1992) . Transcription factor TFIIS was overexstructure by base-pairing with the 5Ј side of its stem pressed in E. coli and purified as described by Yoo et al. (1991). does not block transactivation. It seems most likely that Purified NTPs and 2Ј-dNTPs were obtained from Pharmacia (PiscatTat binds TAR when or soon after it forms (for instance away, NJ) and 3Ј-dNTPs from Boehringer Mannheim Biochemicals at the pause site), but that the subsequent events of Dynamics, Sunnyvale, CA) and quantitated as described previously (Landick et al., 1996b) .
Experimental Procedures Transcription with Purified Calf Thymus RNAPII
Purified RNAPII (250 ng) was preincubated with 1 g of immobilized Template DNA tailed template (see above) for 10 min at 30ЊC in 15 l of RNAPII The 774 bp DNA fragment used for transcription of the wild-type buffer (70 mM HEPES-KOH [pH 7.9], 50 mM NH 4Cl, 6 mM MgCl2, HIV-1 pause signal was amplified by PCR from plasmid pLL283 0.15 mM DTT, 5 mM spermidine, 20 %; v/v glycerol, 1 U of Inhibitace) using universal M13 forward and biotinated reverse primers. pLL283 containing 400 M UpG dinucleotide (Kadesch and Chamberlin, was constructed in multiple steps from plasmid pBSIIKS- (Stra-1982; Lang et al., 1994) . Transcription was allowed to initiate for 1 tagene; La Jolla, CA) by insertion of the following DNA fragments min at 30ЊC by the addition of 5 l of NTP mix in transcription buffer into the HincII site (listed from the forward primer side toward the to give final concentrations of 100 M each CTP, GTP, and 0.5 M reverse primer side of pBSIIKSϪ): a 220 bp ScaI-HindIII fragment [␣-32 P]UTP (10 Ci). The TCs were washed three times with 10 vol containing the promoter and early transcribed region from HIV-1; a of RNAPII buffer, suspended in 20 l of the same buffer, and allowed 36 bp HindIII-SmaI fragment from the polylinker region of pUC19; to transcribe in the presence of all 4 NTPs (1 mM each). At the a 292 bp RsrII(blunt)-BsmI(blunt) fragment from exon 1 and intron indicated times, aliquots were removed, processed, electropho-1 of the human c-myc gene.
resed, and analyzed as described above. Nucleotide changes in pLL283 were constructed by PCR-amplifying a DNA fragment from pLL283 using the M13 forward or reverse RNA Sequencing primer and a second primer that specified the change and that RNA sequence ladders were generated by elongating the 32 P-labeled overlapped the unique NheI site in TAR. After digestion with NheI and U14 TCs in the presence of all 4 NTPs (1 mM each) and a given either EcoRI (forward-primer-amplified fragments) or XhoI (reverse3ЈdNTP (0.8 mM) at 30ЊC for 20 min (Figure 1 ). After processing primer-amplified fragments), fragments were ligated between the of samples as described above, the RNA was separated in a 6% appropriate sites in pLL283.
polyacrylamide, 8 M urea gel next to pause and arrest RNAs. The template for purified RNAPII (Figure 2 ) was constructed by first introducing into pLL283 a unique BsmBI site that could produce a 4 nt 5Ј staggered cut beginning at the HIV-I transcription start
Stepwise Transcription and 3-Proximal Transcript Labeling U14 TCs were formed on the HIV-1 template immobilized on strepsite. A 20 bp synthetic DNA fragment with a 10 nt 3Ј overhang and 4 nt 5Ј overhang (5Ј-GGGTCTCTTCTCGGTCGTCT top strand; 3Ј-tavidin-agarose beads as described above, either with [␣-32 P]UTP (Figures 4 and 6) or with all nonradioactive NTPs ( Figure 5 ). The U14 accaaaaaaaCCCAGAGAAGAGCCAGCAGAccca bottom strand; duplex portion in uppercase) was then ligated to a BsmBI-digested complexes were moved to position A22 by incubation with ATP, GTP, and CTP (50 M each) for 5 min at 30ЊC. The complexes were PCR fragment generated from the new plasmid as described above.
DNA templates were immobilized either on Dynabeads (Dynal, then washed four times with 10 vol of transcription buffer to remove
